Epithelial tissues contain three-dimensional (3D) complex microtopographies that are essential for proper performance. These microstructures provide cells with the physicochemical cues needed to guide their self-organization into functional tissue structures. However, most in vitro models do not implement these 3D architectural features. The main problem is the availability of simple fabrication techniques that can reproduce the complex geometries found in native tissues on the soft polymeric materials required as cell culture substrates. In this study reaction-diffusion mediated photolithography is used to fabricate 3D microstructures with complex geometries on poly(ethylene glycol)-based hydrogels in a single step and moldless approach. By controlling fabrication parameters such as the oxygen diffusion/depletion timescales, the distance to the light source and the exposure dose, the dimensions and geometry of the microstructures can be well-defined. In addition, copolymerization of poly(ethylene glycol) with acrylic acid improves control of the dynamic reaction-diffusion processes that govern the free-radical polymerization of highly-diluted polymeric solutions. Moreover, acrylic acid allows adjusting the density of cell adhesive ligands while preserving the mechanical properties of the hydrogels. The method proposed is a simple, single-step, and cost-effective strategy for producing models of intestinal epithelium that can be easily integrated into standard cell culture platforms.
Introduction
Three-dimensional (3D) microstructures such as compact folds, invaginations, evaginations, and wavy morphologies are common in invertebrate and vertebrate animals, particularly in epithelial tissues. These microstructures are formed during tissue development and are key to their proper functioning. In the small intestine, crypts and villi provide the tissue with a large surface area. This increases the volume and residence time of the fluids trapped between villi, improving its absorbance function. In addition, 3D microstructures provide an oxygen depleted microenvironment for the microbiota and compartmentalize the multiple cell types composing the Page 1 of 15 AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t [1] [2] [3] . Despite its physiological relevance, this 3D complex architecture is omitted in standard in vitro models of the small intestine. Conventional models are based on flat monolayers of cell lines such as Caco-2 cells, grown on filter supports that provide separate access to the luminal and basolateral side of the monolayer. These conventional twodimensional (2D) models have been essential as screening tools for drug development, but recent publications demonstrate that the predictive capacity of current preclinical assays is not optimal [4] . Improved in vitro models rely on providing cells with a more physiologically realistic environment, including tissue architecture, cell-matrix interactions and biomimetic chemical and mechanical signaling [4] [5] [6] [7] [8] . Hydrogels have been proposed as alternative cell culture substrates. They are hydrophilic polymers with high water content and they provide a friendly environment for cell growth and differentiation. They also have a broad range of mechanical properties compatible with soft tissue microenvironments (< 40 kPa) [9] . This level of softness, however, hampers 3D hydrogel shaping to simulate the topographies found at the tissue level. The main limitation is the difficulty in microfabricating soft materials with complex 3D geometries, high aspect ratio and curvature using efficient and simple methods which could be routinely implemented in standard assays. Microfabrication techniques such as conventional replica molding and direct printing are typically restricted to the fabrication of low to medium aspect ratio microstructures with perpendicular walls [10] . Several variations of replica molding techniques including the use of laser ablation and sacrificial molds can produce soft 3D microstructures [10, 11] . These procedures use complex equipment and multiple fabrication steps to overcome the difficulties in demolding the soft microstructures. Photopolymerization-based microfabrication techniques such as photolithography, soft lithography or stereolithography are well established to produce microstructures without the need for molding and demolding steps. While stereolithography requires sophisticated optical set ups and it is based on layerby-layer photopolymerization [12] , conventional photolithography is a much more simpler technique that has been widely used for micropatterning in various fields. Typically, it is based on the crosslinking of a photoresist through a 2D photomask with a desired pattern upon exposure to collimated UV light. Photolithography has been traditionally used to produce microstructures with simple geometries on hydrogels of synthetic polymers such as poly(2-hydroxyethyl methacrylate) and polyethylene glycol (PEG) derivatives [13] [14] [15] . Shim et al. demonstrated the suitability of the photolithography technique for producing 3D microstructures with complex morphologies on hard photocurable resins that undergo free radical polymerization [16, 17] . This was done by establishing controlled oxygen gradients within the polymerization set up. The Damköhler number, Da, (ratio of characteristic oxygen diffusion to oxygen depletion times) controls the polymerization reaction. When Da ~ 1, which can be achieved by including a source of oxygen in the polymerization system, objects with conical shapes can be formed [16, 17] .
In this study, we propose to exploit the potential benefits of reaction-diffusion mediated photolithography in the production of 3D cell culture substrates for biomedical applications. For this purpose, we demonstrate that by the proper tuning of the polymer composition and the fabrication parameters we can faithfully mimic the 3D architecture of the small intestinal epithelium in synthetic hydrogels. We used a system design in which the Damköhler number significantly changes with the distance to the polymerization light source. Through this strategy, we demonstrate that villi-like microstructures of anatomic and predictable dimensions can be easily fabricated using poly(ethylene glycol) diacrylate (PEGDA) polymer. The reaction-diffusion process is not straightforward when applied to create complex 3D structures on hydrogels from solutions with low polymer concentrations. In diluted solutions, the free radical polymerization proceeds longer, and the diffusion of the radicals into unexposed regions leads to incomplete crosslinking at the boundaries between polymerized and unpolymerized material [18] . The crosslinking density affects the mechanical properties of the material, and therefore the cellular adhesion and response [19] . To gain control on cell-surface interactions, it is crucial to accurately control the properties at the boundaries. Copolymerization is an attractive technique as a route to functionalize polymers with tunable properties. The copolymerization of PEGDA with acrylic acid (AA) has been shown to tune hydrogel properties such as crosslinking density and swelling behavior [20, 21] . In the presence of oxygen, AA affects the termination rate of the free radical polymerization [22] , leading to a confinement of the crosslinking volume and therefore minimizing the tacky surfaces resulting from incomplete poplymerization. Moreover, the copolymerization of PEGDA with AA provides the material with carboxylic groups that allow the controlled immobilization of cell adhesive ligands. Synthetic polymers such as PEGDA have advantages over natural polymers. These include adjustable mechanical properties and non-biodegradability to withstand long term cell culture conditions [23] . However, PEGDAbased hydrogels are intrinsically nonadhesive for cells and their bioactive modification is essential for cell culture applications. Bioactive hydrogels are usually obtained by copolymerization with extracellular matrix (ECM)-based peptides or proteins that have been previously chemically modified with reactive groups such as acrylates [24, 25] . In our approach, the copolymerization of PEGDA-AA allows the covalently immobilization of unmodified ECM proteins and Page 2 of 15  AUTHOR SUBMITTED MANUSCRIPT -BF-101695.R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Journal XX (XXXX) XXXXXX Author et al 3 renders the material suitable for cell culture (Figure 1(a) ). By adjusting the amount of AA, the ligand density on the material can be fine-tuned while preserving the mechanical properties of the hydrogels.
The 3D villi-like scaffolds were successfuly fabricated onto porous filter membranes allowing the monitoring standard functional properties of the intestinal cell barrier such as its integrity and permeability. Caco-2 cells seeded on the 3D scaffolds formed monolayers of differentiated enterocytes with transepithelial electrical resistance (TEER) values that were significantly closer to in vivo values than conventional cell monolayers. These results demonstrate that this moldless microfabrication technology is an easy-to-use tool that can faithfully replicate 3D microtopographies at the tissue level in hydrogels. It can provide cells with a more realistic microenvironment, including cell-to-matrix interactions and proper chemical and mechanical signaling, while remaining compatible with standard cell characterization techniques.
Materials and methods

Materials
(EDC), N-Hydroxysuccinimide (NHS), Acrylic acid (AA) and Hank's Balanced Salt Solution (HBSS) were purchased from Sigma-Aldrich. Phosphate buffered saline (PBS) and BupH MES buffered saline were from ThermoFisher. Polydimethylsiloxane (PDMS) Sylgard 184 was from Dow Corning. Collagen type I, fibronectin and laminin were from Sigma-Aldrich. Fluorescein-isothiocyanate (FITC) dextran of 4 kDa (FD4) was from Sigma-Aldrich. Streptavidin Texas Red ® was from ThermoFisher. Fluoromont-G mounting solution was from SouthernBiotech.
Fabrication of PEGDA-AA villi-like scaffolds
A chip fabricated with 1 mm thick PDMS stencil containing an array of pools on a black coated polystyrene support was used for hydrogel UV polymerization ( Figure S1 ). Briefly, PDMS prepolymer was prepared at a ratio 10:1 w/w with the curing agent. The prepolymer solution was casted between two flat poly(methyl methacrylate) sheets spaced 1 mm apart and cured for 24 h at room temperature. Pools, either 6.5 or 10 mm in diameter, were punched, and two inlets and channels connecting them were carved, with a 1.5 mm punch and a scalpel, respectively, to introduce the hydrogel solution (Figure 1(b) ). Silanized glass coverslips of 12 mm in diameter or Tracketch® polyethylene terephthalate (PET) membranes of 5 µm pore size (Sabeu GmbH & Co) were then used to cover the tops of the PDMS pools. Prepolymer solutions containing 6.5% w/v PEGDA, 0 to 1.2% w/v AA, and 1% w/v Irgacure D-2959 were dissolved in PBS at 65 ºC for 1 h, filtered and flown into the chip. Villi-like micropillars were fabricated by placing patterned photomasks on top of the glass coverslips or porous membranes. Photomasks had pattern designs consisting of arrays of circular UV-transparent windows 50 µm in radius at a density of 25 windows mm -2 . These were designed using AutoCAD software (Autodesk) and printed on acetate films (CAD/Art Services Inc.). Pattern dimensions were selected to match the structures found in small intestinal tissue [1, 3] . UV light exposure was performed in a MJBA mask aligner (SUSS MicroTech), using a power density of 25 mW cm -2 measured at 365 nm wavelength (SUSS MicroTech). Prepolymer solutions were exposed for 60 to 220 s to form the micropillars. After UV exposure, unreacted polymer and photoinitiator were washed out with PBS. When required, hydrogel disc samples were also fabricated by light flood exposure, without photomask. Samples were kept submerged in PBS at 4 ºC for at least three days to reach equilibrium swelling. During the swelling period, PBS was exchanged every day to remove uncrosslinked polymer molecules. After swelling, crosssections of microstructured hydrogels were obtained using a scalpel. Sample cross-sections were imaged by bright field microscopy using a Nikon Eclipse Ts2 instrument to determine their morphology and dimensions ( Figure S2 ). The morphology of the microstructured scaffolds was also assessed by scanning electron microscopy (SEM). Samples were sequentially dehydrated in ethanol followed by critical point drying (K850, Quorum technologies). Samples were then imaged by SEM (NovaTM NanoSEM 230, FEI).
Assembly of PEGDA-AA hydrogels on modified Transwell® inserts
PEGDA-AA hydrogel scaffolds, fabricated on porous PET membranes, were mounted on standard 24-well polycarbonate Transwell ® filter inserts (Corning Costar) using double-sided pressure-sensitive adhesive (PSA) rings (Adhesives Research) ( Figure S3 ). The inserts form two compartments (apical and basolateral) that mimic the luminal and stromal parts of the intestinal tissue barrier. Briefly, the standard polycarbonate (PC) membrane from the Transwell ® inserts was carefully removed with a scalpel and replaced by the PET membrane containing the hydrogel on top and then fixed by the doublesided PSA ring. Immediately after, pressure was applied for 15 min at RT to assure proper sealing. Then, a drop of sterile PBS buffer supplemented with 10% v/v penicillin/streptomycin and 1:500 Normocin (InvivoGen) was added on top of the hydrogels to prevent them from drying. Later, extra 200 L and 600 L of the same PBS buffer solution were added to the apical and basolateral Transwell ® cavities, respectively, and the inserts were stored at 4 ºC until further use. All the assembly process was performed under sterile conditions. A c c e p t e d M a n u s c r i p t
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Characterization of PEGDA-AA hydrogels
The copolymerization of PEGDA-AA was characterized by Fourier-transform infrared spectroscopy (FTIR) in a Nicolet iS 10 instrument (ThermoFisher Scientific), using an ATR diamond and a DTGS detector. Hydrogel discs (12 mm diameter, 2 mm height.) were prepared from prepolymer solutions of 10% w/v PEGDA and AA concentrations ranging 0 to 1.2% w/v. Hydrogels were polymerized for 300 s to ensure full crosslinking. All samples were rinsed with Milli-Q water and allowed to dry for 24 h in a vacuum desiccator before being analyzed by FTIR. Scans in the range of 500-4000 cm -1 were performed with a resolution of 4 cm -1 . Spectra reported correspond to the average of 16 scans. To determine the effects of acrylic acid on the bulk mechanical properties of the samples, hydrogel discs (10 mm diameter, 2 mm height) were obtained by polymerizing solutions of 6.5% w/v and AA concentrations ranging from 0 to 1.2% w/v for 150 s. Hydrogels were allowed to reach equilibrium swelling for 3 days in PBS. After swelling, sample diameters differed among them, so swollen hydrogels were punched to obtain 10 mm diameter samples. Stress-strain curves in compression were recorded with a Zwicki Z0.5TN machine (Zwick-Roell). To avoid drying of hydrogels, a few drops of PBS were added just before the beginning of each measurement. Stress-strain curves were obtained with a speed of 2 mm min -1 , limiting the strain rate to 1% min -1 and the maximum strain to 10% [26] . An initial load of 5 mN was applied to promote the adequate contact between the hydrogel and the compression plates. The Young's modulus of the bulk hydrogels was calculated as the slope of the linear part of the stress-strain curves. Since the height of each hydrogel was also recorded from the mechanical testing, this was used to determine the swelling ratio [24] . The height of each hydrogel after swelling was compared with its height immediately after fabrication.
To investigate potential differences on the mechanical properties of the bulk and the surface of the hydrogel scaffolds due to the fabrication process, Atomic Force Microscopy (AFM) was employed. AFM indentations were performed on the surface of microstructured scaffolds fabricated using solutions containing 6.5% w/v PEGDA, 0.3% w/v AA. Samples were produced on glass coverslips and exposed 120 s with the photomask followed by a flood exposure of 120 s. Measurements were done using a JPK Nanowizard 4 machine (JPK Instruments) with a V-shaped cantilever with a quadratic pyramidal tip of 35º (ϴ) face angle, and a nominal spring constant (k) of 0.08 N/m (PNP-TR-20, Nanoworld). After calibration of the sensitivity, series of local forcedisplacement (F-z) curves were measured at several points on the surface of the villi-like hydrogel scaffolds, including tip and base regions. Samples were indented up to 5 µm from the surface. The values of the local surface stiffness were obtained by applying Hook's law and the Hertz model for a quadratic pyramidal tip to the force-displacement curves. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Journal XX (XXXX) XXXXXX Author et al 5 
Functionalization of PEGDA-AA villi-like scaffolds with cell adhesive proteins
After swelling, PEGDA-AA hydrogels were functionalized with laminin or collagen type I via a EDC/NHS mediated coupling. Specifically, the carboxylic groups of PEGDA-AA hydrogels were activated with a solution containing 25 mM EDC and 50 mM NHS in MES buffer (0.1 M, pH 4.7) for 30 min at room temperature. Hydrogels were then washed with PBS and further reacted with 0.01% w/v collagen type I or 50 g mL -1 laminin solution overnight at 4ºC. The hydrogel activation and further protein functionalization were characterized by FTIR as previously described.
To determine the effects of AA concentration on the ligand density of the hydrogels, discs (10 mm diameter, 1 mm height) were prepared from solutions of 6.5% w/v PEGDA and AA concentrations ranging from 0 to 0.6% w/v upon 150 s of UV irradiation. Samples were activated with EDC/NHS as described above and functionalized with Streptavidin Texas Red ® (0.05 mg mL -1 ). Hydrogels were mounted with Fluoromont-G and imaged with a Leica TCS SPE confocal microscope. Discs prepared with a AA concentration of 0.9% w/v were used to test the stability of the protein functionalization to rinsing and storage time. Samples were rinsed one to 10 times and their fluorescence was evaluated by fluorescence microscopy. Analogously, samples were stored at 4 ºC in PBS for 1 to 7 days, exchanging PBS solution every day, and their fluorescence was monitored over the storage time.
Cell culture
Caco-2 cells (ATCC ® HTB-37™) from passages 74 to 80 were expanded and maintained in 75 cm 2 flasks in high glucose DMEM (Gibco, Thermofisher), supplemented with 10% v/v fetal bovine serum (FBS) (Gibco, Thermofisher), 1% v/v penicillin/streptomycin (Sigma-Aldrich) and 1% v/v of non-essential amino acids (Gibco, Thermofisher). Cells were maintained in an incubator at 37ºC and 5% CO2, changing medium every two days and passaged weekly. Cells were seeded either on the hydrogels fabricated on coverslips at a density of 5x10 5 cells cm -2 , or on the hydrogels mounted on the modified insert at a density of 1.5x10 5 
Barrier integrity assessment
The intestinal epithelium forms a hihgly selective tissue barrier. The tissue barrier integrity formed by the Caco-2 cells cultured on the villi-like hydrogel scaffolds was monitored during cell culture using an standard approach. Hydrogel samples fabricated on porous membranes were mounted on Transwell ® inserts and Caco-2 cells were cultured on them. The transepithelial resistance (TEER) between the two compartments formed by the inserts was measured every other day with a EVOM2 Epithelial voltohmmeter with STX3 electrode (World Precision Instruments). Measured resistance values were corrected by substracting the resistance of the membrane and the hydrogel. TEER values were normalized by the total surface area of the cell monolayer, which significanlty differ from 2D and 3D cell culture systems. After 21 days, drug permeability studies using FITC-dextran of 4.4 kDa (FD4) as a tracer were performed to monitor the paracellular transport through the tight junctions. Briefly, cells were carefully washed with HBSS buffer prior to adding 200 L of test compound at a concentration of 0.5 mg mL -1 to the apical and 600 L of HBSS buffer to the basolateral compartments. Throughout the experiment, cells were incubated at 37 ºC on a horizontal shaker at 50 rpm. Samples were withdrawn from the basolateral compartment at specific time points during 3 h followed by buffer replacement. where dQ/dt is the flux, A the area of the filter insert, and Co the initial donor concentration of the test compound. The steady state flux was used for calculation of the Papp value. All experiments were done in triplicate. As a control, the flux through the hydrogels without cells was also measured to assure that the hydrogel was not limiting the permeability of the tracer.
Cell polarization assessment
Cells on the intestinal epithelium are characterized by their columnar shape and polarization, with the apical and basolateral compartments separated by tight junctions. Cell polarization was studied through the immunostaining of nuclei, filamentous actin (F-actin), and epithelial cell markers (ZO-1, β-catenin, and villin). After 21 days of culture, cells were fixed with 10% neutral buffered formalin solution (Sigma-Aldrich) at RT for 30 min, permeabilized with 0.5% Triton-X and blocked with 1% bovine serum albumin (BSA) and 3% donkey serum. Primary antibodies were used against A c c e p t e d M a n u s c r i p t
), β-catenin (ab2365, Abcam) (5 g mL -1 ) and villin (ab201989, Abcam) (1 g mL -1 ). The incubation was performed for 2 h at RT and overnight at 4°C. Then, samples were incubated with secondary antibodies and/or Alexa Fluor® 568 Phalloidin (ThermoFisher Scientific) for 2 h at RT. Anti-goat Alexa 568 (A11057, ThermoFisher Scientific), anti-rabbit Alexa 647 (Jackson Immunoresearch) and anti-mouse Alexa 488 (A21202, ThermoFisher Scientific) were used at 2 g mL -1 . Finally, samples were incubated with a 1:5000 dilution of DAPI (ThermoFisher Scientific) for 15 min.
Cell polarization was also assessed by analyzing nuclei elongation and orientation with respect to the surface of the villi-like microstructures. Confocal microscopy images of cells cultured for 21 days on either villi-like scaffolds or conventional Transwell ® inserts were used for this purpose. Results were compared with data obtained from images of histological cross sections of human small intestine [27] . Villilike hydrogels were mounted on a 1 mm high PDMS holder to preserve microstructures morphology during image acquisition. Samples were imaged using confocal laserscanning microscopes (TCS SPE or SP2, Leica Microsystems), acquiring z-stacks at 1 µm intervals. Images were processed by Image J software [28] . The image threshold was adjusted to individually identify cell nuclei and surface contour. Then, images were converted to binary values and nuclei were fitted to ellipses. Nuclei elongation was determined as the ratio between the major and the minor ellipse axis. Nuclei orientation with respect to the surface was computed by cell orientation index, which ranges between 1, when the major ellipse axis are normal to the surface (polarized cells), and -1, when they lay parallel to the surface (non polarized cells).
Data analysis and statistics
Graphs were plotted using OriginPro 8.5 software. In the case of normal distributions, differences between groups were compared using ANOVA. Non-parametric analyses were performed using the Mann-Whitney U and Kruskal-Wallis tests. The tests performed are specified in the respective figure legends. Differences were considered statistically significant when p < 0.05.
Results
Controlled growth of high-aspect ratio, villi-like hydrogel microstructures
Free radical polymerization can produce polymeric microstructures with complex and well-defined shapes by controlling the dynamics of the polymerization reaction and establishing oxygen gradients within the system [15] [16] [17] .
Molecular oxygen inhibits radical induced polymerization because of its high reactivity with radicals, forming peroxide molecules that terminate the reaction [29] . For polymerization to take place, the concentration of oxygen needs to be locally depleted, so monomers can successfully compete with molecular oxygen for the scavenging of the initiator radicals [29] . If the system has a source of oxygen, this will diffuse towards the regions with lowered concentrations. When the timescale of oxygen diffusion is comparable to that of oxygen depletion produced by the termination reaction, the photopolymerization will stop, even if it has already been initiated [30] . Because of high surface-to-volume ratios, the inhibition of photopolymerization reactions is aggravated on the microscale [15] . To account for the relevance of oxygen diffusion within such systems, the so-called Damköhler number, Da, can be used. Da accounts for the ratio between the characteristic timescales involved in oxygen diffusion and oxygen depletion processes [16, 17] . The characteristic oxygen diffusion time, diff, depends on the oxygen diffusion coefficient within the polymer, D0, and the size of the microstructures to be fabricated, which is defined by the radius of the transparent windows of the 2D photomask, R. The timescale of oxygen depletion, depl can be estimated from the initial oxygen molar concentration in the solution, [O2]0, and the rate of radical formation, which depends on the photoinitiator properties  (quantum yield of radical production) and  (molar extinction coefficient), the photoinitiator molar concentration [PI] and the intensity of UV light I [16] . Da can be then calculated as:
Depending on the Da value, Shim et al. [16] identified three growth pathways for polymeric microstructures. When Da >>1, growth does not depend on oxygen diffusion, the diameter of the microstructures is always equal to the transparent windows of the photomask, and the height of the microstructures can be controlled by the UV light irradiation time. When Da ~ 1 and the system is closed to oxygen, the microstructures will grow in laterally along the central axis of the transparent windows while maintaining height during growth (limited to the thickness of the container of the polymer solution). When Da ~ 1 and the system is open to oxygen on one of its surfaces, conical microstructures that maintain their height during growth are obtained [16, 17] . In our experimental set-up (Figure 1(b) ), the height of the container is significant. Due to the absorbance of light intensity by the photoinitiator, which can be estimated from the Beer-Lambert law, Da will change along the vertical axis (distance to the ligth source), z, as:
Page 6 of 15 AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Figure 1(c) ). Because our set-up is open to oxygen due to the PDMS pools and polystyrene support, distinguishable growing pathways were expected for different z values. However, while the absence of photomask rapidly produced the full polymerization of the polymer solution (Da ~ 10 4 for containers 6 mm in diameter), the presence of the photomask with 50 m radius light windows produced finger-like micropillars of high aspectratio (Figure 1(d) ). The height of the micropillars can be controlled by tuning a single parameter, the exposure time and micropillars up to 600 m, corresponding to aspect ratios 1:6 (width: height) can be obtained (Figure 2 ). The diameter of the microstructures obtained was consistent with the dimensions of the photomask windows, and the microstructures had blunt tips like those found in the small intestinal tissue. We attribute these complex geometries to a mixture of the growth pathways defined by Shim et al [16] . Bottom-to-top growth seems to dominate for distances close to the lamp (Da ~ 10), so the microstructures grow in height while keeping their lateral Figure 2 . Effect of exposure time on microstructure base diameter, height and morphology. (a) Cross-sections of villilike hydrogel scaffolds fabricated with 6.5% w/v PEGDA and 0.3% (w/v) AA and exposed for 80 to 160 s. For characterization purposes samples were produced on glass coverslips, so a flood exposure of 15 s was performed to hold them together. (b,c) Hydrogel total height and base diameter as a function of exposure time. Mean ± SD, n > 12. Scale bar = 100 m dimensions to the full extent of the transparent windows of the mask. At greater distances, Da ~ 1, and conical shapes appeared. For distances above ~600 m, polymerization was not experimentally observed in our set-up since Da < 1 and the oxygen diffusion is faster than the oxygen depletion ( Figure   1c ) Such a limit in the photopolymerization vertical distance can be tuned by changing the light intensity, photoinitiator concentration and photomask window size [32] .
PEGDA-AA copolymers allow fine tuning of photopolymerization reaction and ligand density
Epithelial cells forming tissue barriers need to be polarized to exert their protective function. They possess an apical region facing the lumen, and a basolateral membrane facing the organ side. Cell polarity is guided by the structural features of the tissue and, in particular, by the epithelial basement membrane [33] [34] [35] [36] . Collagen-coated membranes as well as collagen hydrogels are good supports for epithelial cell polarization [10, 37] . However, it has been shown that cellladen microstructured collagen matrices do not preserve the scaffold morphology over time due to degradation and do not allow long-term experiments [38, 39] . Synthetic hydrogels based on PEG acrylates are an attractive alternative to natural hydrogels. PEGDA hydrogel networks are biocompatible and chemically versatile, allowing the incorporation of cell adhesive proteins and peptides [15] . When copolymerized with AA, PEGDA-AA networks have been used in cell culture applications, forming composite hydrogels with collagen [40] . In addition, PEGDA-AA copolymers have also been employed as substrates in biosensing applications [41] . We copolymerized PEGDA with A c c e p t e d M a n u s c r i p t
Journal XX (XXXX) XXXXXX Author et al 8 different amounts of AA ranging from 0 to 1.2% w/v. The incorporation of AA was assessed by the presence of a strong absorbance peak at 1576 cm -1 in the FTIR spectra, which is attributed to the asymmetric vibration of carboxyl groups, ( Figure S4 ) [42] . Factors such as viscosity of the solution or the presence of oxygen may affect the kinetics of the reaction and the polymerization rate. The viscosity of PEGDA-AA solutions was not significantly different for solutions with increasing AA concentration ( Figure S5 ). Therefore, we can presume that the diffusion of the species was not significantly altered. In the presence of oxygen, the termination rate for PEGDA was reported as 2.5 x 10 3 m 3 mol -1 s -1 [15] , while the termination rate for AA polymerization was reported as 3.2 x 10 5 m 3 mol -1 s -1 [22] . This increase in the termination rate had an effect on the shape of the microstructures. With increasing AA concentration, significantly shorter microstructures were obtained for identical exposure times (Figure 3(a) ). The total height of the pillars decreased from around 600 m to 240 m when AA was increased to 1.2% (w/v) (Figure 3(b) ). The finger-like shape of the structures was maintained, but the tip became sharper, especially with the highest AA concentration (Figure 3(c) ). Then, the production of samples with microstructure dimensions compatible with those found in the villi of small intestinal tissue are conditioned by the concentration of AA. The incorporation of AA allowed the fine tuning not only of the morphology but also of the physicochemical properties of the hydrogel [20] . The hydrogel swelling ratio increased significantly with the percentage of AA within the copolymer (Figure 3(d) ). However, within the range of concentration assayed, no significant differences on the compression elastic modulus of the samples were observed (Figure 3(e) ). All the bulk elastic modulus values measured for the samples were consistent with values reported for intestinal mucosa [9, 43] . Trends observed in both swelling and elastic modulus values are in agreement with those previously reported for PEGDA-AA copolymers [20, 44] . The increased swelling can be related to the increased amounts of carboxyl groups with increased concentrations of AA. Carboxylic groups have higher polarity than the ester groups in PEGDA, and draw more water into the crosslinked polymer network [44] . However, while bulk measurements provide a global picture of the hydrogel mechanical properties [19] , cells only sense few microns into the material [45] , therefore the local stiffness at the surface of the material was measured. AFM measurements demonstrated that the mechanical properties at the surface were much softer than the bulk values (Figure 3(f) ). This is due to the oxygen inhibition and diffusion of radicals at the hydrogel boundaries, which has been reported to lead to incomplete crosslinking at the surface [18] .
Copolymerization with AA allowed for the covalent binding of extracellular matrix proteins to the hydrogel through a carbodiimide-mediated crosslinking reaction in the presence of carboxyl groups. Samples were activated by EDC/NHS and further incubated in a protein solution ( Figure  4(a) ). FTIR spectra show that, after activation, the carboxylate peak of the AA, located at 1576 cm -1 , disappeared due to the incorporation of NHS molecules through amide bonds ( Figure  4(b) ). Two peaks around 1800 cm -1 appeared and these corresponded to the presence of NHS [46] . After incubation with collagen I, amide bands centered at 1550 and 1650 cm -1 were visible [47] , together with a significant decrease in the absorbance of the NHS peaks. Fluorescent measurements obtained after incubation with streptavidin Texas Red ® revealed that the functionalization was homogeneous along the microstructures (Figure 4(c) ). The amount of immobilized protein increased with the amount of AA in the polymer solution (Figure 4(d) ), which agrees with previously published data [41] . Fluorescent measurements performed after repeated washing of the sample and during a 7 days storage period revealed the covalent nature of the protein binding, as no significant differences in the fluorescence intensity levels were found after both procedures ( Figure S6 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The nuclei aspect ratio and cell orientation index from Caco-2 cells grown for 21 d in conventional Transwell® or in the PEGDA-AA villi-like 3D scaffolds are compared with the nuclei from a histological cross-section of a native small intestine [27] . For the boxplots, the bar shows the median, and the upper and lower boxes represent the 75% and 25% of the data, respectively. The whiskers extend to the 5% and 95%. n = 140. Scale bar = 10 m.
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AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Therefore, this methodology allows tuning the ligand density of the hydrogel by use of a single parameter, the concentration of the AA in the initial polymer solution. As an added feature, within the concentration of AA investigated, ligand density can be finely tuned without significantly affecting the mechanical properties of the sample. Taking these results altogether, we selected PEGDA-AA with an AA concentration of 0.3% w/v as the most suitable material to seed intestinal epithelial cells. This selection was based on the material that displayed the maximum number of covalent ligands while attaining the required dimensions for the villi microstructures (at least 400 m in height)
Caco-2 cells form a polarized monolayer covering the villi-like microstructures fabricated in PEGDA-AA upon collagen functionalization
PEGDA-AA hydrogel scaffolds were fabricated on glass coverslips and were functionalized with either laminin or collagen, since these are the main components of the epithelial basement membrane. Caco-2 cells were then seeded on top of them. Both laminin and collagen scaffolds allowed cell growth, although only scaffold surfaces functionalized with collagen were consistently covered with a cell monolayer within 48 h of culture. Time-lapse videos recorded 4 h after seeding revealed that most of the cells were initially located at the base of the villi microstructures and they formed a migrating front that climbed up the walls of the villi until the structure was fully covered (Figure 5(a) , Supplementary movie M1). After 14 days, cells displayed morphological characteristics of a polarized columnar epithelium along all heights of the villi microstructures, with the presence of Factin accumulation at the apical-side of the cells (brush border) ( Figure 5(b-d) ). After 21 days of culture, cells expressed epithelial cell markers such as villin, which characterize microvilli formed in the apical side, zonula occludens-1 (ZO-1), found in tight junctions, and -catenin, which is found in the basolateral cell membranes, at the proper locations ( Figure 6(a) ). In flat hydrogels, cells adhered and formed a monolayer within 24 h after seeding. However, after 5 days of culture, cells experienced the partial detaching and the loss of barrier function probably due to the high intercellular forces of Caco-2 cells ( Figure S7 ).
Polarized cells in columnar epithelia are also characterized by elongated cell nuclei, which are oriented perpendicular to the tissue surface. [1] Therefore, cell polarization was also assessed by analysis of nuclei morphology and nuclei orientation with respect to the surface of the microstructures. These data were then compared to data obtained from histological images of villi in human tissue and cells cultured on standard Transwell ® membranes. Cell nuclei were significantly more elongated on the cells grown on the 3D scaffolds compared to the cells grown on porous polycarbonate membranes (Figure 6(b) ). In addition, cell nuclei were also oriented closer to surface perpendicularity on the 3D scaffolds than on cells cultured on conventional substrates (Figure 6(c) ). Overall, cells displayed improved polarization morphology on the 3D scaffolds when compared with standard culturing methodologies based on porous filter membranes in Transwells®. Similar experiments were performed with the MDCK cell line, which also successfully formed a monolayer after 14 d of culture (Figure S8) , thus extending the usefulness of PEGDA-AA copolymers to other epithelial cell models.
Caco-2 cells form a functional tissue barrier on the synthetic PEGDA-AA villi-like microstructures
PEGDA-AA hydrogel scaffolds were fabricated on porous PET membranes and mounted on standard Transwells ® ( Figure S3 ). Membranes with pore sizes of 5 µm diameter were used to minimize undesired absorbance and scattering effects interfering with the polymerization process that were observed with membranes of smaller pore size and/or polycarbonate material. When using these membranes and comparing them to samples fabricated on glass coverslips used for characterization purposes, the light intensity through the membrane was reduced by 40%. This attenuation of the UV light intensity significantly affected the microstructure morphology. For the same exposure time, the micropillar height was reduced from 400 to 140 m (Figure 7(a) ). Therefore, the fabrication parameters were optimized to account for the membrane absorption. Due to the light scattering effects produced by the membrane, scaffolds containing micropillars 475 ± 23m high joined through a supporting base, were obtained in a single exposure process (Figure 7(b) ).
TEER measurements provide information about the integrity of the monolayer of polarized cells and were recorded as a function of the cell culture time. TEER values steadily increased with culture time for both the cells seeded on the 3D scaffolds and the standard monolayers cultured on porous filter membranes (Figure 7(c-d) ). This behavior is attributed to the proper formation of a monolayer that is functional as a tissue barrier. TEER values for the cells cultured on the 3D scaffolds were significantly lower than those for the Transwell ® control for all of the time points tested. In particular, at 21 days of culture, TEER values of 3D scaffolds were reduced by 10-fold with respect to flat monolayers on porous filter membranes, suggesting that the tight junctions are affected by the 3D topography and on the 3D scaffolds their behaviour approaches in vivo values of the human small intestine, reported in the range of 12 to 69 cm 2 [48] (Figure 7(d) ). The permeability of the paracellular model compound FD4 was significantly higher in the 3D scaffolds (Figure 7(e) ). The PEGDA hydrogel did not influence the Page 10 of 15 AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Journal XX (XXXX) XXXXXX Author et al 11 Papp measurements ( Figure S9 ). PEG-based hydrogel scaffolds are characterized by a high porosity and hydrophilicity. Specifically, hydrogels fabricated with 5% (w/v) PEGDA 6 kDa have an average mesh size of 14 nm [49] , therefore the scaffold does not represent a barrier to diffusion of molecules such as FD4, with an average diameter of 2.8 nm.
These results are consistent with previous 3D models of the intestinal epithelium [38, 50, 51] , where cells grown on 3D surfaces showed increased leakiness and had TEER values closer to those found in vivo. 
Discussion
Tissue equivalents providing cells with a more physiologically relevant microenvironment are in demand for both clinical and in vitro testing applications. It is widely recognized that including cell-to-cell and cell-to-matrix interactions, together with proper chemical and mechanical signaling, would benefit the functionality of such constructs [4, 5] . However, the complex 3D architectures found in tissues are neglected in most engineered tissues. One of the main reasons limiting the use of 3D tissue microtopography when studying epithelial tissues is the difficulty in producing 3D objects of complex shapes made of soft materials. Conventional microfabrication techniques are ill suited to deliver structures with high aspect ratios and curvature, such as those forming natural epithelial tissues. Methods such as replica molding, 3D printing and photopolymerization have been used to produce scaffolds with 3D topographies for biomedical applications [52, 53] . To obtain roundish geometries by replica molding requires complex fabrication design, while avoiding problems demolding soft hydrogels involves the use of intermediate molds and multiple fabrication steps [10] . 3D printing methods are ideal candidates to fabricate complex shapes but are limited in resolution, and require the use of sacrificial materials for manufacturing soft structures [54, 55] . Photopolymerization can be used to produce 3D shapes in soft materials by methods such stereolithography or two-photon lithography, but it requires the use of expensive instrumentation [12, 53] . Photolithography using 2D photomasks is a low-cost, singlestep and parallel fabrication technique that is standardized in the microelectronics field. When applied to materials that undergo radical polymerization, complex shapes can be fabricated by controlling the dynamics of the polymerization reaction through oxygen gradients [16, 17] . In this study, we explored this concept further and applied it to a biomedical Page 11 of 15 AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t set-up. Through this process we obtained, in a single and moldless fabrication procedure, hydrogel microstructures with high aspect ratio (1:6), roundish tip contours, and the anatomical dimensions of small intestine villi. The simplicity and low-cost of the fabrication technique, which only requires a UV lamp and inexpensive acetate photomasks, makes it easily compatible with well-established cell culture systems such as Transwell ® inserts. Furthermore, this fabrication process can be easily parallelized, obtaining multiple scaffolds in one single exposure.
PEG-based hydrogels have been extensively investigated as synthetic scaffolds in tissue engineering applications [23] . PEG acrylates photocrosslink in aqueous solutions, forming hydrogels. PEG-derived hydrogels do not withstand protein adsorption, so they are functionalized with peptides or extracellular matrix proteins to allow for cell adhesion and growth. Copolymerization with AA during the crosslinking reaction is an easy method to introduce anchoring groups for cell-adhesive biomolecules. Control of PEG and AA content on properties such as swelling, hydrophilicity and pH sensitivity can be precisely adjusted [20, 21] . We observed that the amount of AA had a strong impact on the photopolymerization reaction and can be used as a parameter to modify the polymer growth regime and, ultimately, the shape and dimensions of the microstructures. We have also determined that, within the range of AA concentrations tested, the density of protein ligands incorporated into the hydrogel can be controlled by the AA concentration while leaving the mechanical properties of the structure unaltered. This provides an ideal platform to decouple the influence of mechanical and chemical cues on cell behavior.
In vitro models of the human small intestinal epithelium are routinely used to determine the absorption and metabolism of drugs and these models play a crucial role in preclinical drug development. Conventional systems are based on 2D Caco-2 cell monolayers grown on permeable membranes, and these systems are accepted as standard by pharmaceutical companies and regulatory authorities. However, they lack physiological resemblance and this could lead to incorrect predictions about drug permeability [56] . Numerous attempts, using a variety of materials, have been made to diminish the gap between the conventional 2D models and human intestinal epithelium. Porous poly(lactic-co-glycolic) acid (PLGA) scaffolds have been micromolded into villus geometries with high aspect ratios [51, 57] . These scaffolds promote epithelial differentiation and absorption [58] but PLGA has mechanical properties outside of the physiological range (E ~ 1-2 GPa). On the other hand, soft collagen hydrogels can be fabricated using a combination of laser ablation and sacrificial molding technique [10, 38, 50] or by micromolding using PDMS moulds [11] . However, these collagen scaffolds are degraded before the cell culture period needed for complete cell differentiation (usually 21 days for Caco-2 cells). In addition, collagen scaffolds are unsuitable for testing the permeability of rapidly absorbed hydrophobic drugs [38] . The use of synthetic PEG-based hydrogels overcomes limitations on cell culture time, so long-term cell culture experiments are feasible. In addition, photocrosslinkable PEGDA-AA hydrogels offer great versatility to match the cellular requirements of different epithelial tissues. PEGDA chain size and concentration can be used to tune the mechanical properties of the hydrogel within a wide range (E ~ Pa -MPa) [9] . On top of this, the dynamic reaction-diffusion process during the fabrication procedure yields a material with a surface much softer than the bulk. As it has been reported that cells only sense up to 10-20 µm deep [45] , this feature can be exploited to produce materials presenting soft 3D environments to the cells while still being mechanically robust and easy to manipulate. The carboxylic groups of acrylic acid can be used to anchor other extracellular matrix proteins such as laminin, which is also a major component of the basement membrane of epithelia. Indeed, we demonstrated that MDCK cells can form a polarized monolayer when grown on laminin functionalized scaffolds. Therefore, PEGDA-AA copolymerized hydrogels appear to be excellent basement membrane surrogates for engineered epithelial tissues. carboxylic groups of acrylic acid can be used to anchor other extracellular matrix proteins such as laminin, which is also a major component of the basement membrane of epithelia. Indeed, we demonstrated that MDCK cells can form a polarized monolayer when grown on laminin functionalized scaffolds. Therefore, PEGDA-AA copolymerized hydrogels appear to be excellent basement membrane surrogates for engineered epithelial tissues.
One of the major limitations of the standard Caco-2 cell model is its high level of resistance, with TEER values up to 1000cm 2 [59, 60] , compared to values reported for human intestine (12 to 69cm 2 ) [48] . Aberrantly increased TEER values in current in vitro models have been attributed to the colon origin of the Caco-2 cell line. While tight junctions of the human small intestine have average pore radius of 6-13 Å, Caco-2 cells display average porosities of only 5 Å [61] [62] [63] . However, our results, and those of other researchers, demonstrate that Caco-2 cell monolayers can improve their TEER barrier properties by adding the native tissue architecture [38] . This can modulate the tight barrier properties associated with the curvature of the structures. Theoretical models of epithelial folds are based on evaluation of intraepithelial stresses. These take into account tensions generated at cell-lumen, cell-cell and cell-basement membrane contacts and predict pronounced modulations in cell thickness and cell shape depending on their position along groove-to-crest structure axis [64] . However, in vivo leakiness of the tight junctions increases from the tip of the villi to the crypt regions in normal juvenile intestines [65] . Therefore, by including the 3D intestinal architecture, the functional barrier Page 12 of 15 AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Journal XX (XXXX) XXXXXX Author et al 13 characteristics of standard cell lines can better mimic those found in vivo [38] .
Conclusion
A photolithography-based process based on dynamic polymerization to fabricate 3D hydrogel microstructures of high-aspect ratio and roundish geometries resembling the villi structures of the small intestinal epithelium is described. Using a polymerization process that controls the timescales of oxygen diffusion and depletion along the irradiation pathway, we demonstrated the production of 3D complex microstructures in a moldless and single fabrication step. The dimensions of the microstructures can be easily adjusted by modifying fabrication parameters such as the polymer composition and irradiation time. In addition, by employing poly(ethylene) glycol diacrylate and acrylic acid copolymers, the ligand density of hydrogel microstructures can be tuned in a simple way without significantly affecting their mechanical properties. The resulting hydrogel microstructures effectively support the growth of epithelial cells until a mature and confluent monolayer is formed. The simple fabrication procedure facilitates its integration with standard characterization techniques. Microstructured hydrogel scaffolds were successfully integrated in a Transwell ® system to assess the barrier properties of the biomimetic intestinal epithelium formed. The microfabrication technology described here shows great potential as a method to routinely incorporate 3D structures mimicking microtopographies at the tissue level in cell culture systems . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t AUTHOR SUBMITTED MANUSCRIPT -BF-101695. R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t
